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The Aqueous Pore through the Translocon Has
a Diameter of 40±60 AÊ during Cotranslational
Protein Translocation at the ER Membrane
Brian D. Hamman,* Jui-Chang Chen,* polypeptide chain in an extended conformation (anhy-
drous diameter 5 5±7 AÊ ) during translocation. TheEdward E. Johnson,* and Arthur E. Johnson*²³§
*Department of Medical Biochemistry and Genetics translocon is also likely to accommodate an a-helical
transmembrane (TM) sequence of a nascent membrane²Department of Chemistry
³Department of Biochemistry and Biophysics protein (anhydrous diameter 5 10±12 AÊ ) prior to its lat-
eral movement into the bilayer. There is also evidenceTexas A&M University
College Station, Texas 77843-1114 that two or more strands of nascent chain simulta-
neously occupy the translocon. For example, the signal
sequence appears to orient with its N terminus closest
to the cytoplasmic side of the membrane, thereby creat-Summary
ing a U-shaped nascent chain topography within the pore
(Shaw et al., 1988; Mothes et al., 1994) (see Figure 1).Eukaryotic secretory proteins are cotranslationally
It has also been proposed that as many as five a-helicaltranslocated through the endoplasmic reticulum (ER)
TM sequences simultaneously occupy theaqueous poremembrane via aqueous pores that span the lipid bi-
(Borel and Simon, 1996), an arrangement that wouldlayer. Fluorescent probes were incorporated into na-
require a large pore whose size would depend on helixscent secretory proteins using modified Lys-tRNAs,
packing constraints. Thus, the size of the pore in anand the resulting nascent chains were sealed off from
intact protein translocation intermediate may be signifi-the cytosol in fully assembled translocation intermedi-
cantly larger than what is necessary to transport anates. Fluorescence quenching agents of different sizes
extended polypeptide.were then introduced into the ER lumen in order to
Visual evidence of the pore and an estimate of its sizedetermine which were small enough to enter the pore
were recently obtained using the electron microscopeand to quench the fluorescence of probes inside the
(Hanein et al., 1996). When heterotrimeric Sec61p, aribosome and/or the pore. These accessibility studies
primary component of the translocon (Walter and John-showed that the aqueous pore in a functioning translo-
son, 1994; Rapoport et al., 1996), was solubilized incon is 40±60 AÊ in diameter, making it the largest hole
detergent and examined, ringlike structures were ob-observed to date in a membrane that must maintain
served in which 3±4 copies of Sec61p surrounded aa permeability barrier.
central pore. The appearance of similar rings in canine
microsomes and yeast nuclear envelopes indicates that
Introduction translocons in native membranes have a similar struc-
ture (Hanein et al., 1996). The average diameter of the
Secretory and membrane proteins in eukaryotic cells pore was estimated to be z20 AÊ for purified Sec61p,
are synthesized on ribosomes that are initially cytosolic though a range of pore sizes was observed, with both
but are targeted via signal sequence±dependent inter- purified Sec61p and native membranes, that could not
actions to the endoplasmic reticulum (ER) membrane be explained by different particle orientations on the
(for review, see Walter and Johnson, 1994; Rapoport et grid (Hanein et al., 1996). The cause of the observed
al., 1996) where they bind to sites termed translocons heterogeneity in pore size is presently unclear, but
(Walter and Lingappa, 1986). The primary structural fea- possibilities include (Hanein et al., 1996) translocon con-
ture of a functioning translocon is an aqueous pore that formation (e.g., gated or open; Crowley et al., 1994),
completely spans the membrane and is occupied by functional state (translocating or not), and subunit com-
a nascent secretory or membrane protein (Simon and position.
Blobel, 1991; Crowley et al., 1994). Despite this hole To determine directly the internal diameter of a func-
in the membrane, the permeability barrier of the ER tioning protein translocation pore, we have assembled
membrane is maintained by a tight ribosome±translocon translocation intermediates with fluorescent dyes incor-
junction that prevents nascent protein exposure to the porated at specific sites along nascent preprolactin
cytosol (Crowley et al., 1993, 1994). In addition, the na- polypeptides to determine their accessibility to fluores-
scent chain is sealed off from the ER lumen immediately cence quenchers of increasing size. The results surpris-
after targeting and until the nascent chain reaches a ingly indicate that the internal diameter of the translocon
length near 70 residues (Crowley et al., 1994). In cases in intact, fully assembled translocation intermediates is
that involve complicated protein processing at the ER 40±60 AÊ , making this pore the largest observed in any
membrane, the ribosome±translocon junction may open membrane that must maintaina permeability barrier. The
transiently to allow cytosolic exposure of the nascent implications of having such a large protein translocation
chain, presumably without loss of the permeability bar- pore in the ER membrane are discussed.
rier (Hedge and Lingappa,1996; for review, see Andrews
and Johnson, 1996).
ResultsSo how large is the aqueous pore in the translocon?
At a minimum, the pore would have to accommodate a
Experimental Design
In the present study, the size of the aqueous pore in the
ER translocon was examined spectroscopically using§To whom correspondence should be addressed.
Cell
536
cytosol or ER lumen in translocation intermediates can
be examined directly by using hydrophilic collisional
quenching agents. These agents collide with an excited
fluorescent dye and take its excited state energy, there-
by reducing the fluorescent light emitted by the sample.
Since the magnitude of the fluorescence intensity de-
crease is dependent upon the number of collisions, the
extent of quenching is directly proportional to the con-
centration of quencher, as expressed in the Stern±
Volmer equation (Crowley et al., 1993, 1994). Our previ-
ous studies showed that the addition of iodide ions, an
efficient collisional quencher of NBD fluorescence, to
the cytosolic side of the membrane does not reduce the
fluorescence intensity of the translocation intermediates
shown in Figure 1 (Crowley et al., 1993, 1994). Thus, the
ribosome binds tightly to the membrane and seals offFigure 1. Translocation Intermediates Showing Approximate Loca-
the aqueous nascent chain pathway through the ribo-tions of the Fluorescent Dyes
some and themembrane from thecytosol (Crowley et al.,Translocation intermediates were prepared as described in Experi-
1993, 1994). However, when iodide ions were introducedmental Procedures using either of two derivatives of preprolactin
(pPL) that lack the two lysine codons found in the natural pPL signal into the lumen by adding bacterial pore-forming pro-
sequence. The cross-hatched regions represent ribosomes, the teins, either streptolysin O (SLO) or perfringolysin O
small black ovals represent NBD dyes incorporated into nascent (PFO), to the microsomes, all of the NBD probes in trans-
chains, the charcoal ovals represent the translocon proteins, and
location intermediates containing nascent chains longerthe gray area represents the ER membrane bilayer. The striped oval
than 70 residues were quenched and hence were acces-in the pPL-ssK56 intermediate represents the ªgateº or whatever
sible to the iodide ions (Crowley et al., 1994). Thus, theblocks the lumenal end of the pore (Crowley et al., 1994). The lysine
in pPL-ssK56 is located 28 amino acids from the C-terminal end of aqueous pore and the ribosomal nascent chain tunnel
the nascent chain. Lysines are present in pPL-sK polypeptides at are of sufficient size to accommodate a hydrated poly-
residues 64, 70, 91, 128, 146, 164, 181, and 209 from the N terminus. peptide and hydrated iodide ions (anhydrous diameter 5
The dye locations shown are estimated assuming that the C-terminal
4.32 AÊ ) simultaneously.40 residues of the nascent chain are within the ribosome (Malkin
Since the tight ribosome±membrane junction blocksand Rich, 1967; Blobel and Sabatini, 1970) and that the nascent
access to the nascent chain from the cytosol, a fluores-chain conformation inside the translocon is a-helical. The signal
sequence is cleaved in the pPL-sK156, pPL-sK197, pPL-sK207, and pPL- cent nascent chain probe positioned inside the ribo-
sK221 intermediates. some can be collisionally quenched by hydrophilic
quenchers only if the quencher moves from the lumen
through the aqueous translocon pore and into the ribo-
intact, fully assembled translocation intermediates. Na- somal tunnel (Figure 1). It follows that if one were to test
scent secretory protein chains of defined length were quenchers of different sizes, no quenching would be
prepared in vitro by translating, in the presence of micro- observed if a quencher is too large to move through the
somes and signal recognition particle (SRP), mRNAs pore. This approach therefore provides a direct method
that were truncated in the coding region of preprolactin to estimate the diameter of the aqueous pore in the
(cf. Krieg et al., 1989; Crowley et al., 1993, 1994). Ribo- translocon of a fully assembled and functional (until
somes halt when they reach the end of such an mRNA, halted) translocation intermediate.
but they do not dissociate from the mRNA because the
absence of a stop codon prevents normal termination
from occurring. Thus, the nascent chain remains bound Probe Accessibility to Large Collisional Quenchers
We first examined whether 4-amino-(2,2,6,6-tetrameth-to the ribosome as a peptidyl-tRNA, and the length of
the nascent polypeptide in the membrane-bound com- ylpiperidine-N-oxyl) (amino-TEMPO or AT; Figure 2), a
cationic collisional quencher of various fluorescent dyesplex is dictated by the length of the truncated mRNA
added to the translation. eNBD-Lys-tRNA, a fluorescent- (Chattopadhyay et al., 1983) with an anhydrous diameter
near 10 AÊ , had access to NBD probes in the pPL-sK110labeled analog of Lys-tRNA that has a 6-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl)aminohexanoyl (NBD) dye cova- intermediate. As shown in Figure 3A, very little quench-
ing was observed when AT was on the cytosolic sidelently attached to the Ne-amino group of the lysyl side
chain (Crowley et al., 1993, 1994), was added to transla- of the membrane, but the extent of quenching increased
greatly when AT was introduced into the lumen by thetions so that fluorescent probes were incorporated into
nascent chains at positions dictated by the occurrence addition of PFO. In fact, the quenching rate was the
same for PFO-treated samples as for free ribosomesof in-frame lysine codons in the mRNA. Using this ap-
proach, the location of a fluorescent probe relative to (Figure 3A; Table 1), which shows that the membrane
does not restrict AT accessibility to the probes insidethe ER membrane and ribosome can be altered simply
by changing the length of the nascent chain. The esti- the ribosome. Thus, AT is small enough to enter freely
both the translocon pore and the ribosomal tunnel, evenmated locations of the fluorescent probes in each of the
translocation intermediates used in this study are shown when the nascent chain and signal sequence are
thought to be present inside the translocon pore in ain Figure 1.
The accessibility of the nascent chain probes to the U-shaped conformation.
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Figure 2. Relative Sizes of Quenching Agents
(A) The anhydrous sizes and shapes of the iodide ion (I2), AT, and
NAD1 are shown using space-filling models (Chem3D, Cam-
bridgeSoft, Cambridge, MA).
(B) The Fab fragment (gray) is viewed perpendicular to its long axis
(77 AÊ ) and also end-on, looking directly into the antigen binding site
Figure 3. Quenching of NBD-Labeled pPL-sK110 Intermediates by(black) to show its minimum 39 AÊ and maximum 53 AÊ anhydrous
AT and NAD1
dimensions in this orientation. This is the space-filling model of an
pPL-sK110·80S (open circles), pPL-sK110·80S·EKRM (closed squares),anti-fluorescein Fab fragment, drawn from the X-ray data of Herron
and PFO-treated pPL-sK110·80S·EKRM (open squares) sampleset al. (1989) using SPOCK Software, Center for Macromolecular
were prepared, purified, and analyzed as described previouslyDesign, Texas A&M University. The scales in (A) and (B) are different.
(Crowley et al., 1994), except that the final PFO concentration was
5 units/ml. Fo is the net fluorescence intensity prior to addition of
quenching agent, and F is the net dilution-corrected fluorescenceSince adenine also acts as a collisional quencher of
intensity at a given concentration of quencher. The Ksv or Stern-NBD emission (Table 1), we next chose nicotinamide
Volmer constant is given by the slope of the quenching data as
adenine dinucleotide (NAD1), with anhydrous dimen- detailed previously (Crowley et al., 1994).
sions of z11 3 12 3 20 AÊ (Bell and Eisenberg, 1996; Li (A) AT (Sigma) was dissolved in 1 M HEPES (pH 7.0) to give a final
et al., 1996) (Figure 2) and a single net negative charge, quencher concentration and pH of 450 mM and 7.2, respectively.
Each cuvette received equivalent amounts of HEPES (pH 7.2). Fluo-as a larger quencher species. To our surprise, the NAD1
rescence intensities in these experiments were further correctedquenching pattern with pPL-sK110 intermediates was
for inner-filter effects of the AT as described elsewhere (Lakowicz,nearly identical to that of iodide and AT (Figure 3B; Table
1983).
1). Essentially no quenching was observed when the (B) NAD1 (Sigma, N1636) was dissolved in 1 M HEPES (pH 8.0) to give
ribosomes were bound to the microsomes, but the Ksv a final NAD1 concentration and pH of 400 mM and 7.2, respectively.
increased to that observed for free ribosomes after PFO Each cuvette received the same amount of HEPES (pH 7.2).
addition. Hence, NAD1 access to NBD probes within
the ER translocon pore was the same as NAD1 access
to probes in nascent chains that were exposed to the in our samples because of the high contaminant back-
ground signal. Thus, these quenchers could not be usedsolvent, because nearly identical Ksv values were ob-
tained for pPL-sK110 or pPL-sK123 ribosomal complexes to examine the accessibility of NBD in our samples.
either bound to PFO-treated microsomes or free in solu-
tion (Table 1). The pore is thereforenot only large enough Can a Fab Fragment Enter the Pore?
Since we were unable to obtain collisional quenchersto accommodate NAD1 ions in addition to the nascent
chain, it is large enough to allow the two probes inside larger than NAD1, we next investigated the quenching
properties of an NBD-specific IgG antibody. The bindingthe pore in these intermediates to collide as frequently
with NAD1 as if there were no pore to restrict NAD1 of either this IgG or its purified Fab fragment (Harlow
and Lane, 1988) to eNBD-Lys reduces its fluorescencediffusion.
We attempted to synthesize larger adenine-con- intensity by 86%. The maximum anhydrous dimensions
of an NBD-specific Fab fragment (hereafter termedtaining collisional quenchers but were unable to purify
them away from all of the fluorescent contaminants aNBD) are close to 39 3 53 AÊ when viewed end-on,
looking directly into the antigen binding site. These over-present in the precursor chemicals. As a result, solutions
containing 10±30 mM of these species were so fluores- all dimensions were obtained from several X-ray crystal
structures of various Fab fragments which indicate thatcent that we could not monitor the NBD fluorescence
Cell
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Table 1. Collisional Quenching of NBD Emission
Iodide KSV (M21)a AT KSV (M21) NAD1KSV (M21)
Sample PFO A A B A B
eNBD-Lys 1/2 7.4 6.8 12.1b
pPL-ssK56·80S 2 2.4 6.6 6.3 4.2 1.8
pPL-ssK56·80S·EKRM 2 20.2 1.8c 1.5 0.5 0.5
pPL-ssK56·80S·EKRM 1 0.1 1.9 1.6 0.5 0.5
pPL-sK78·80S 2 2.3 6.9 6.1 3.9 2.0
pPL-sK78·80S·EKRM 2 0.6 2.5c 2.5 0.5 0.2
pPL-sK78·80S·EKRM 1 2.2 6.6 6.1 2.8d 1.8
pPL-sK92·80S 2 ND ND ND 2.4 ND
pPL-sK92·80S·EKRM 2 ND ND ND 0.1 ND
pPL-sK92·80S·EKRM 1 ND ND ND 2.1d ND
pPL-sK110·80S 2 ND 5.7 ND 4.2 1.4
pPL-sK110·80S·EKRM 2 0.3 1.8 ND 0.3 0.2
pPL-sK110·80S·EKRM 1 2.1 5.5 ND 4.4 1.6
pPL-sK123·80S 2 ND ND ND ND 2.3
pPL-sK123·80S·EKRM 2 0.6 ND ND ND 0.6
pPL-sK123·80S·EKRM 1 2.7 ND ND ND 2.4
Full-length PL in EKRM 2 0.1 2.8c,d ND 20.3 ND
Full-length PL in EKRM 1 1.8 6.5d ND 1.0 ND
Various translation and translocation intermediates were prepared, purified, and analyzed spectroscopically as described in Experimental
Procedures. Data obtained using two different sources of wheat germ (A and B) are shown above; the results were qualitatively the same in
terms of PFO dependence of the quenching but were quantitatively different for reasons that are still not understood. Since no significant
differences between A and B were observed in AT and iodide ion quenching experiments, the two wheat germ preps must interact with NAD1
differently. The KSV values shown are the averages of 2±10 (usually 3±4) independent experiments with standard deviations of 60.1 to 60.3
M21 except as noted. ND 5 not determined.
aIodide quenching data published in Crowley et al. (1994) and a redetermination of the eNBD-Lys KSV are shown here for comparison to AT
and NAD1 data.
bThe KSV for quenching of NBD by AMP is also 12.1 M21.
cThese values were 0.7±1.8 M21 lower in samples that were preincubated with aNBD prior to adding AT to eliminate the intensity of cytosolically
exposed NBD probes from F and Fo.
dStandard deviation was 60.4 M21.
the Fab fragment conformations are highly conserved the cytosol even before SLO addition, either in nascent
chains bound to ruptured microsomes or located on theamong different animals, not appreciably altered upon
binding to various antigens, and independent of antigen cytoplasmic surface of microsomes by adsorption or
polysome formation (Wolin and Walter, 1988; Crowleyspecificity (Amit et al., 1986; Herron et al., 1989; Wilson
et al., 1991). To determine whether aNBD can enter et al., 1993, 1994; Johnson et al., 1995). Many of these
cytosolically exposed NBD probes were in ribosomalthe microsomes through the holes formed by SLO, we
prepared a sample of pPL-sK221 translocation intermedi- complexes that were in polysomes (and hence purified
with the microsomes), but were not properly engagedates that has NBD nascent chain probes exposed in the
ER lumen (Figure 1). When aNBD was added to this with the ER membrane. This is evidenced by comparing
the extents of 2SLO quenching for samples that eithersample prior to SLO treatment, a reduction of NBD fluo-
rescence intensity was observed (Table 2). This quench- have or have not been nuclease-treated to reduce the
number of polysomes (Table 2; Wolin and Walter, 1988).ing showed that some NBD probes were exposed to
Table 2. Quenching of NBD Emission by aNBD Fab Fragments
Percent Quenching of Translocation Intermediates by aNBD
Nuclease-Treated Untreated Lumen-Extracted Microsomes
Nascent Chain 2SLO 1SLO DSLO 2SLO 1SLO DSLO 2SLO 1SLO DSLO
pPL-sK78 Ð Ð Ð 6 7 1 Ð Ð Ð
pPL-sK110 12 13 1 17 19 2 17 19 2
pPL-sK123 Ð Ð Ð 20 22 2 Ð Ð Ð
pPL-sK130 Ð Ð Ð 22 24 2 Ð Ð Ð
pPL-sK156 22 22 0 29 32 3 32 37 5
pPL-sK197 21 33 12 Ð Ð Ð Ð Ð Ð
pPL-sK207 20 36 16 32 45 13 Ð Ð Ð
pPL-sK221 20 40 20 35 52 17 22a 40a 18a
Quenching percentage values shown above are the averages of independent experiments repeated 3±15 times, and the standard deviations
of these values range from 61 to 63.
aThis sample was also nuclease-treated.
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As expected, the polysome effect is greater with sam- inhibits aNBD access. If the latter does occur, it simply
means that proteins other than ER membrane proteinsples containing longer truncated mRNAs. The cytosol-
ically exposed NBD probes are examined further below. contribute to establishing the operational diameter of
the translocon pore.When SLO was added to a nuclease-treated pPL-sK221
sample in the presence of aNBD, the total quenching
was increased from 20% to 40%, thereby showing that Exposure of Long Nascent Chains to the Cytosol
aNBD was able to enter the microsomes via the SLO-
The significant amount of quenching by aNBD observed
dependent holes in the ER membrane. Similar results with translocation intermediates prior to addition of SLO
were obtained for the pPL-sK207 and pPL-sK197 transloca- led us to examine further the nature of these cytosol-
tion intermediates inboth nucleased and untreated sam- exposed probes. As noted above, the most likely origins
ples (Table 2). Thus, the data indicate that aNBD can of such probes are nascent chain adsorption to the
enter the SLO holes and access at least some of the microsomal surface (either as part of a nonspecifically
lumenally exposed dyes in the nascent chains of each bound ribosome or as a free nascent chain after being
of these intermediates. Nascent chain folding or inhibi- released from the ribosome), microsome damage that
tion of aNBD binding to a single nascent chain by chap- exposes properly targeted nascent chains to the cytosol
erones or other aNBD molecules, as well as incomplete via holes in the vesicles, or polysome formation. As
SLO pore formation in some vesicles, presumably pre-
discussed above and shown in Table 2, the number of
vented the observed decrease in intensity from being
cytosolically exposed probes was reduced by a limited
as large as the theoretical maximum.
nuclease treatment that cleaves the mRNA and de-
To determine whether aNBD can enter the ER translo-
grades polysomes to monosomes. We therefore de-
con pore, the pPL-sK110 and pPL-sK123 translocation in- cided to determine whether a limited protease digestion
termediates were examined because each has all of would release adsorbed nascent chains, and possibly
its probes inside the ER translocon pore or ribosomal nascent chains in damaged microsomes, without de-
tunnel. Since no SLO-dependent quenching was ob- stroying the tight ribosome±membrane junction.
served (Table 2), the dyes in these intermediates were Since the number of cytosolically exposed probes is
completely inaccessible to aNBD from the ER lumen. In greater in samples translating long nascent chains (Ta-
contrast, when aNBD was added to purified pPL-sK110 ble 2), we focused our attention on NBD-pPL-sK221. Asand pPL-sK123 ribosomal complexes in the absence of shown in Table 3, microsomes purified from samples
microsomes, the fluorescence intensity was reduced by translating NBD-pPL-sK221 showed significant quench-an average of 52% and 57%, respectively. These data
ing, both collisional and aNBD-based, before the addi-
indicate that the lumenal opening of the ER translocon
tion of PFO or SLO. Thus, iodide ions, NAD1, and aNBD
pore is not sufficiently wide to simultaneously accom-
all indicate that there is a significant amount of NBD-
modate the nascent chain and the Fab fragment. The
pPL-sK221 exposed to the cytosol in these samples. Allinability of aNBD to bind NBD-nascent chain probes is
three quenchers also show that the amount of cytosol-
not due to the presence of the signal sequence, because ically exposed NBD is substantially reduced by limited
the fluorescence of the pPL-sK156 translocation interme- exposure to nuclease to remove polysomes (Table 3).
diate was not reduced by aNBD (Table 2) even though When the nuclease-treated samples were then exposed
its signal sequence had been cleaved (data not shown; to proteinase K for a limited amount of time, the number
Do et al., 1996). It is presently unclear why the two of cytosolically exposed NBD probes was again reduced
most N-terminal dyes of the pPL-sK156 intermediate are substantially (Table 3). Despite their very different sizes,
inaccessible to aNBD from the ER lumen, even after all three quenching agents show similar amounts of cy-
lumen extraction (Nicchitta and Blobel, 1993) (Table 2). tosolic (i.e., 2PFO/SLO) NBD-nascent chain removal by
However, the critical point is that no SLO-dependent the nuclease and protease treatments. But most impor-
quenching of NBD fluorescence was observed with in-
tant, neither the nuclease nor the protease treatment
termediates whose probes were inside the pore.
destroyed the tight ribosome±membrane junction, as is
Since it is possible that aNBD is prevented from enter-
evident by comparing the 2PFO and 1PFO Ksv valuesing the pore by soluble ER proteins that obstruct the
for the nuclease- and protease-treated NBD-pPL-sK221lumenal entrance of the pore, we extracted the lumenal
samples (Table 3). Thus, we conclude that the cytosol-
proteins from the microsomes using procedures de- ically exposed NBD probes detected in preparations of
scribed elsewhere (Nicchitta and Blobel, 1993). This ex- long-nascent-chain translocation intermediates can be
traction procedure removed more than 95% of the lu- removed by limited exposure to protease and nuclease
menal proteins (e.g., BiP, protein disulfide isomerase, and, hence, that they originate from nascent chains that
and Grp94), as evidenced by SDS±PAGE/Coomassie are not in intact translocation intermediates. The focus
blue and ELISA analyses, but did not impair targeting of the data in Table 2 is therefore appropriately on the
and assembly of intact protein translocation intermedi-
magnitude of the DSLO quenching, not on the extent of
ates. Yet the removal of the soluble lumenal proteins
quenching observed in the absence of SLO.
did not increase the SLO-dependent quenching by
aNBD and, hence, did not result in increased accessibil-
Discussionity of the nascent chain to aNBD (Table 2). It therefore
appears that the size of the pore is established by the
These quenching data allow us to estimate the size ofER membrane proteins that form the translocon, though
the aqueous pore in a functioning translocon becausewe cannot completely rule out the possibility that resid-
NAD1 has unimpeded access to nascent chain probesual lumenal proteins in our lumen-extracted microsomes
are tightly associated with the translocon in a way that in the translocon and ribosome, while Fab fragments
Cell
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Table 3. Toxin Dependence of Quenching of the Emission Intensity of the NBD-pPL-sK221 Translocation Intermediate
Iodide KSV(M21) NAD1 KSV(M21) aNBD (% quenching)
Treatment 2PFO 1PFO 2PFO 1PFO 2SLO 1SLO DSLO
None 2.9 3.1 2.1 2.6 35 52 17
RNase 1.5 2.6 1.4 2.1 20 40 20
RNase/Proteinase K 0.7 2.1 0.1 1.7 8 32 24
RNase, puromycina Ð Ð Ð Ð 20 55 35
Translocation intermediates were prepared, purified, and analyzed spectroscopically as described in Experimental Procedures and in the
legends to Tables 1 and 2. The KSV values shown above are the averages of 2±3 independent experiments with standard deviations of 60.2
to 60.4 M21. Quenching percentage values shown above are the averages of independent experiments repeated 2±8 times, and the standard
deviations of these values range from 61 to 63.
aAfter an RNase-treated sample was examined for quenching by aNBD in the presence of SLO, puromycin was then added to 2 mM final
concentration and the sample was incubated for 10 min at room temperature before the fluorescence intensity of the sample was remeasured.
cannot enter the pore. The translocon pore is therefore juxtaposition, the quencher will immediately quench the
adjacent dye whenever it is excited and no fluorescentlarge enough to accommodate both a nascent polypep-
tide and an NAD1 simultaneously, but it is not large light will be emitted. This type of quenching is termed
static quenching, a phenomenon that reduces the emis-enough to accommodate both a nascent polypeptide
and a Fab fragment. sion intensity of the sample without reducing its fluores-
cence lifetime (Eftink and Ghiron, 1981; Lakowicz, 1983).The NAD1 conformation in solution closely matches
that observed in X-ray crystal structures (e.g., Bell and In contrast, dynamic or collisional quenching occurs
when a quencher contacts a dye during its excited stateEisenberg, 1996; Li et al., 1996) because NMR studies
of NAD1 in solution (Zens et al., 1975, 1976) indicate the lifetime. Since this is a diffusion-based and therefore
time-dependent process, the fluorescence lifetime offollowing: (a) the pyridine protons do not come within
5 AÊ of the adenine protons within the NAD1 compound; the dye is shortened if the quenching is collisional (Eftink
and Ghiron, 1981; Lakowicz, 1983). The collisional fre-(b) internal rotation is only observed along the short axis
of NAD1, so the dimensions are consistent with those quency, and hence the extent of quenching, depend on
the concentration of the quencher as described by theof the static X-ray structures; and (c) intermolecular con-
tacts do not occur at concentrations up to 50 mM NAD1. Stern-Volmer equation, as well as on variables that influ-
ence quencher diffusion rates.The 11 3 12 3 20 AÊ anhydrous dimensions of NAD1
(Bell and Eisenberg, 1996; Li et al., 1996) are increased The close proximity of a dye and quencher inside
a pore with a minimal diameter suggests that, in thisby about 5 AÊ by hydration (the diameter of a water
molecule is z2.5 AÊ ) because the NAD1 is both hydro- arrangement, the NBD dye would most likely be
quenched byNAD1 via staticquenching. If this occurred,philic and charged. Many portions of a translocating
nascent chain will also be hydrophilic and/or charged the linear dependence of fluorescence intensity on
quencher concentration that is characteristic of colli-and hence hydrated, and a fully extended hydrated poly-
peptide chain will occupy a more-or-less cylindrical sional quenching may not be observed because no or
little diffusion would be required to achieve quenching.space with a diameter of approximately 11 AÊ . The mini-
mum possible diameter that would allow an NAD1 to To address this issue experimentally, we measured the
NBD fluorescence lifetime of a translocation intermedi-pass through the translocon would be 28 AÊ if the NAD1
could align itself with its long axis perpendicular to the ate containing NBD-pPL-sK110, both before and after the
addition of NAD1 and PFO, and found that the NBDplane of the bilayer, although 28 AÊ constitutes an under-
estimate because we have ignored the hydration of the fluorescence lifetime was lower in the presence of NAD1
and PFO. This reduction in lifetime and the linear depen-Sec61a protein a helices (Wilkinson et al., 1996) that
form part of the inner surface of the translocon (High et dence of NBD intensity on the NAD1 concentration in
the solvent (Figure 3) therefore show that there must beal., 1993; Mothes et al., 1994). In a pore this small, an
NAD1 would fit tightly against the nascent chain, would sufficient aqueous space surrounding a probe in the
pore for collisional quenching to occur, as well as fornot rotate, and would be restricted to moving in one
dimension. Furthermore, a single NAD1 would occupy the quencher to achieve a local concentration that is
equivalent to the bulk concentration and to have accessabout one-half of the pore (the bilayer is about 50 AÊ
thick) and hence would be very close to any NBD probe to the probe from many directions.
The most critical data in terms of estimating the mini-located in the pore.
However, the issue is not how closely one can envis- mal pore size are the Ksv values obtained in the presence
and absence of the membrane. To illustrate, considerage packing a nascent chain and an NAD1 inside the
pore, but rather what size pore is consistent with the an NBD that is free in solution. If NAD1 is added to the
solution, the NAD1 molecules can approach a free NBDcollisional quenching data. In this regard, the fluores-
cence quenching data reveal that the diameter of the fluorophore from all directions, thereby maximizing the
collision frequency and Ksv. If, on the other hand, thepore is significantly larger than the minimum for two
reasons: lifetime data show the quenching is collisional, NBD were attached to the surface of a large protein,
the protein would prevent NAD1 from approaching theand the collisional frequency is the same with or without
the membrane. When a dye and a quencher are in close NBD from ªbehind,º and the number of access routes
The Aqueous Translocon Pore Is 40±60 AÊ in Diameter
541
of NAD1 molecules to the NBD fluorophore would be
reduced by approximately 50%. As a result, the number
of collisions, and hence Ksv, would be reduced by a
factorof two. Further restricting access of thequenchers
to the fluorophore by positioning the putative fluoro-
phore in a semicircular pocket (i.e., one half of a pore)
on the membrane surface would lead to an even smaller
Ksv.
Consider then what we observed in our samples in
the presence and absence of membranes. In every case
in which the lumenal gate is open (i.e., ignore pPL-ssK56),
the Ksv is the same for both free and membrane-bound
ribosomes (Table 1). In particular, for the pPL-sK110 and
pPL-sK123 samples that have two probes located within
the translocon pore itself, NAD1 access to the NBD
probes was not restricted by surrounding the nascent
chain by the proteins that form the translocon pore Figure 4. Top View of the Aqueous Translocon Pore in an Intact
Translocation Intermediate(compare the Ksv values for free ribosomal complexes
and PFO-treated microsomes in Figure 3 and Table 1). The charcoal ring represents the ER membrane proteins of the
translocon that surround the aqueous pore (here depicted as circu-Thus, the number of directions from which an NAD1
lar; the actual shape is unknown), while the gray region representsquencher can approach the NBD dyes must be the same
the ER membrane phospholipids in the plane of the paper. The blackin these two cases, and hence the range of NAD1 access
circle represents a fully extended polypeptide that has a hydrated
routes to the probes must be the same when the nascent diameter of z11 AÊ and is oriented perpendicularly to the plane of
chain and its two dyes are exposed to the cytosol in the membrane.
free ribosomes and when the nascent chain and its two (A) The pore is shown with one strand of the hydrated nascent chain
and one hydrated NAD1 (black rectangle).dyes are inside the translocon pore in translocation in-
(B) The pore is shown with an extended nascent chain and thetermediates. Since the free and membrane-bound na-
antigen binding site (striped oval) at the end of an elongated Fabscent chain probes are quenched at equivalent rates,
molecule (black oval) inserted into the translocon. Since the Fab
the NAD1 quenchers must not be restricted in their mo- fragment is actually unable to enter the pore (Table 2), the width of
tion or forced into a lengthwise orientation within the the pore must be less than indicated here.
pore, a situation that is clearly incompatible with the
minimal-diameter structural arrangement considered to it. However, once binding occurred, the interaction
above. Instead, the NAD1 quenchers must be able to would berelatively long-lived because of thehigh affinity
approach the NBD dyes in the pore from the same num- between the NBD and the Fab fragment. The minimum
ber of angles and directions as in the cytosol, and the dimensions of the elongated Fab fragment are obtained
NAD1 must exhibit the same rotational distribution as when one looks directly into its ligand binding pocket,
seen in the cytosol (only the adenine moiety of NAD1 and the anhydrous dimensions of 39 3 53 AÊ are similar
quenches NBD). To obtain an equivalent rotational free- for all sources and specificities of IgG (Amit et al., 1986;
dom/distribution (i.e., an equivalent encounter effi- Herron et al., 1989; Wilson et al., 1991). Since the hy-
ciency), the NAD1 molecule would first have to be free drated aNBD cannot enter the pore to bind an NBD dye,
to rotate, and this would require a minimum diameter of the maximum dimension of the pore must be smaller
the pore of 36 AÊ (11 AÊ 1 25 AÊ ). Then to obtain collisional than 58 AÊ (Figure 4B). To one significant figure, the maxi-
quenching from the same range of directions that the mum width of the aqueous pore is therefore 60 AÊ .
NAD1 can approach a probe exposed to solvent in a The aqueous pore through the translocon in a fully
free ribosome (most likely z1808 or hemispherical), the assembled translocation intermediate therefore has an
pore would have to be significantly larger than 36 AÊ . We internal diameter of 40±60 AÊ . It is possible that the sub-
have therefore concluded that, to one significant figure, stantial difference between this value and the z20 AÊ
the minimum pore diameter is 40 AÊ , though a diameter diameter reported by Hanein et al. (1996) is explained
of 50 AÊ would arguably fit the quenching data better. by the major differences in sample preparation, data
A similar rationale is used to estimate the maximum analysis techniques,and resolution limits for the fluores-
size of the pore, since it cannot simultaneously accom- cence and electron microscopy experiments. On the
modate both a nascent chain and a Fab fragment. The other hand, Hanein et al. (1996) reported a significant
lack of NBD interaction with the aNBD is not due to variation in the pore diameters observed in their study
conformational limitations on NBD presentation to the and suggested that this may reflect a heterogeneity in
aNBD, because the NBD dye is attached to the polypep- translocon structure. Specifically, since the functional
tide chain via a 17 AÊ ±long flexible tether and hence status of the translocons could not be ascertained in
would be able to reorient as necessary to interact with their study, it is possible that many of the translocons
the ligand binding site of a Fab fragment inserted into examined were not functionally engaged with a ribo-
the pore. Also, since the nascent chain appears to move some or were in a closed or ªgatedº (Crowley et al.,
within the pore (Krieg et al., 1989), any obstruction of 1994) conformation, and such translocons may have a
the lumenal end of the pore by the nascent chain would smaller diameter. Whatever the case, in the present
presumably be transient because the nascent chain and study the fluorescence data were obtained with translo-
cons that had functioned in targeting and ribosomeaNBD will each dynamically sample the space available
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with MscI, FspI, AflII, and BlpI (New England Biolabs) to obtainbinding and were translocating a nascent secretory pro-
mRNAs encoding the pPL-sK156, pPL-sK197, pPL-sK207, and pPL-sK221tein up until the ribosome reached the end of the trun-
nascentchains, respectively,where the subscript indicatesthe num-cated mRNA. Hence, the fluorescence approach de-
ber of amino acids encoded within the mRNA. In vitro transcription
scribed here selectively examines only functioning using SP6 RNA polymerase and the purification of mRNA were de-
translocons. scribed previously (Crowley et al., 1994).
The discovery that the translocon pore is so large
Translationsraises many issues, not the least of which is how the
Yeast tRNALys was purified, aminoacylated, and modified with NBDpermeability barrier is maintained during posttransla-
as described before (Crowley et al., 1993). Translations (268C, 30±40tional translocation in yeast.Sec61p is a primary compo-
min, 500 ml) were performed in vitro using wheat germ extract, either
nent of the posttranslational translocon (Panzner et al.,
eNBD-Lys-tRNA or unmodified Lys-tRNA, andÐfor translocation
1995), and Hanein et al. (1996) observed using the elec- intermediatesÐSRP and high salt/EDTA-extracted microsomes
tron microscope that the posttranslational and cotrans- (EKRM) from canine pancreas as described previously (Crowley et
al., 1993, 1994). Translation and translocation intermediates werelational complexes had similar overall structures. It
purified by gel filtration chromatography using Sepharose CL-6Btherefore seems likely that the posttranslational translo-
and Sepharose CL-2B, respectively, as before (Crowley et al., 1993,con contains an aqueous pore and that other proteins
1994), with columns usually preequilibrated and run in buffer A (50
involved in posttranslational translocation (Sec62, mM HEPES, 5 mM MgCl2, 40 mM KOAc [final measured pH was
Sec63, Sec71, Sec72, BiP; for review, see Rapoport et 7.2]). The same extents of pPL and pPL-sK nascent chain recovery
al., 1996) restrict small molecule passage through the and collisional quenching were obtained if gel filtration columns
were run instead in a buffer containing 140 mM KOAc and/or if thepore in much the same way as the ribosome seals the
translations were incubated in high salt (500 mM KOAc) for 5 mincytosolic side of the pore during cotranslational translo-
at 08C prior to gel filtration.cation. However, these presumptions have yet to be
Following the fluorescence measurements, samples were rou-
documented experimentally, and it will be interesting tinely analyzed to assess the biochemical state of the eNBD-[14C]Lys
to see the extent to which the molecular mechanisms in the sample as described earlier (Crowley et al., 1993). Signal
coincide for these two systems (e.g., are the pore sizes cleavage of pPL-sK156, pPL-sK197, and pPL-sK221 was demonstrated
by comparing translation products in the absence and presenceequivalent, and does either vary with functional state?).
of microsomes, followed by SDS±PAGE and phosphorimaging asThe 40±60 AÊ translocon pore is the largest bilayer-
described previously (Crowley et al., 1994; Do et al., 1996).spanning hole or pore that has been discovered to date
in a membrane that must maintain a permeability barrier. Polysome Reduction
The functional significance of having such a large pore Several bands of polypeptides smaller than 221 amino acids were
in the translocon is not yet clear. With a pore of this observed in samples of pPL-sK221 intermediates examined by SDS±
PAGE, suggesting that some mRNAs had more than one translatingsize, the folding of a nascent chain could be initiated
ribosome. If some of these ribosomes did not functionally engagewithin the translocon. The large pore may also facilitate
with the translocon, their NBD dyes would be exposed to the cytosol.protein transport from the ER lumen into the cytosol for
Such polysomes were reduced in our samples by adding 100 unitsproteolytic degradation (Davis et al., 1990; Andrews and
of Staphylococcus aureus ribonuclease (Boehringer Mannheim) and
Johnson, 1996; McCracken and Brodsky, 1996; Wiertz 1 mM CaCl2 to a 0.5 ml translation mix and then incubating at 268C
et al., 1996a, 1996b), particularly if such proteins are for 10 min (Wolin and Walter, 1988) prior to the usual gel filtration
of samples. Reduction of the polysomal peptides was verified byglycosylated and/or retain some secondary or tertiary
SDS±PAGE.structure, and there is recent evidence that retrotranslo-
cation (Andrews and Johnson, 1996) occurs via the
Limited Proteinase K Treatmenttranslocon (Wiertz et al., 1996b). Since both transloca-
At the end of the nuclease treatment, proteinase K was added to
tion and integration occur cotranslationally at the some samples (20 mg proteinase K [Sigma] per milliliter translation)
translocon (Walter and Johnson, 1994; Rapoport et al., and incubated for 20 min on ice prior to purification by gel filtration.
1996), a large translocon pore may also facilitate mem- The combined nuclease and protease digestions reduced the total
NBD content in the NBD-pPL-sK221 samples by as much as 35%,brane protein integration into the bilayer. When multi-
but the reduction in samples with smaller nascent chains was veryspanning membrane proteins are integrated into the bi-
much less (z5%).layer, each successive TM sequence must be inserted
with its orientation opposite to that of its predecessor. Antibodies
Thus, every other TM sequence must be rotated by 1808 IgG was partially purified from NBD-specific rabbit antiserum
prior to its insertion into the membrane. Since a TM (Charles Rivers East Acres Biologicals, Southbridge, MA) using am-
monium sulfate precipitation or gel filtration as described previouslysequence typically contains 20±22 nonpolar residues
(Harlow and Lane, 1988). Ammonium sulfate precipitation was fol-that form a 30- to 33-AÊ -long a helix, the pore in the
lowed by dialysis at 48C against 3 3 1 liter of buffer A and thentranslocon would have to be significantly larger than
centrifugation in a microcentrifuge for 15 min to remove insoluble
35 AÊ to permit the rotation of a TM sequence without material. Alternatively, samples were purified on a Superdex-75
disrupting its helical conformation. It will be interesting FPLC (Pharmacia) gel filtration column (room temperature, buffer
to see to what extent the size and accessibility of the A, 1 ml/min). and then concentrated (Centricon-10; Amicon) to the
original volume. IgG was cleaved to form Fab fragments by additiontranslocon pore change during integration.
of 10 mg papain (Sigma) per mg IgG in 100 mM sodium acetate (pH
5.2), 50 mM cysteine, and 1 mM EDTA as described previously
(Harlow and Lane, 1988). After 4±6 hr at 378C, gel filtration andExperimental Procedures
microconcentration were repeated as above to yield aNBD.
Preparation of mRNA
Plasmids pVW1 and p138 were digested as described previously Bacterial Toxins
PFO and SLO were used as described previously (Crowley et al.,(Crowley et al., 1993, 1994) in order to obtain truncated mRNAs for
the six shortest nascent chains depicted here. pVW1 was cleaved 1994), except that the PFO concentration used in the current study
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was 5 units PFO/ml, the concentration determined by titration to Jon Christopher for assistance with SPOCK, and Dr. Chris Nicchitta
for adviceon preparing lumen-extracted microsomes. We also thankgive maximal quenching for this particular prep of PFO. SLO and
PFO gave identical results in collisional quenching experiments, but the members of the Johnson group and Drs. Greg Reinhart and
Doug Struck for helpful discussions. This work was supported bywe found that only SLO created holes large enough for the Fab
fragments to enter the lumen of the microsomes. NIH grant GM 26494 and by the Robert A. Welch Foundation.
Control experiments were done to show that the toxins did not
detectably alter the structure or function of the translocation inter-
Received December 27, 1996; revised April 10, 1997.mediates. Crowley et al. (1994) showed that preincubation of EKRM
with excess SLO or PFO did not alter the extents of targeting to
or translocation across the ER membrane. Here we examined the
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